Swietenia macrophylla King, a timber species native to tropical America, is threatened by selective logging and deforestation. To quantify genetic diversity within the species and monitor the impact of selective logging, populations were sampled across Mesoamerica, from Mexico to Panama, and analysed for RAPD DNA variation. Ten decamer primers generated 102 polymorphic RAPD bands and pairwise distances were calculated between populations according to Nei, then used to construct a radial neighbour-joining dendrogram and examine intra-and interpopulation variance coecients, by analysis of molecular variation (AMOVA AMOVA). Populations from Mexico clustered closely together in the dendrogram and were distinct from the rest of the populations. Those from Belize also clustered closely together. Populations from Panama, Guatemala, Costa Rica, Nicaragua and Honduras, however, did not cluster closely by country but were more widely scattered throughout the dendrogram. This result was also re¯ected by an autocorrelation analysis of genetic and geographical distance. Genetic diversity estimates indicated that 80% of detected variation was maintained within populations and regression analysis demonstrated that logging signi®cantly decreased population diversity (P 0.034). This study represents one of the most wide-ranging surveys of molecular variation within a tropical tree species to date. It oers practical information for the future conservation of mahogany and highlights some factors that may have in¯uenced the partitioning of genetic diversity in this species across Mesoamerica.
Introduction
Mahogany (Swietenia macrophylla King) (Meliaceae, Swietenioideae), is one of the most important timber species in world trade. It is principally used for making furniture and interior ®ttings and has been an important component in construction and ship building (Lamb, 1966) . Its high economic value has resulted in overexploitation across its natural range and this, coupled with high deforestation rates, has led to the species becoming the focus of increasing concern (Newton et al., 1996) . Recently, it has been proposed for inclusion in Appendix II of the Convention on International Trade in Endangered Species (CITES), where the other species in the genus (S. humilis Zucc. and S. mahagoni (L.) Jacq.) are already listed (Rodan & Campbell, 1996) . Rates of mahogany overexploitation have been particularly alarming for Mesoamerica, where overall deforestation is estimated at around 4% annually (Myers, 1989) and a large proportion of the mahogany-containing forests have already been lost. Thus, there is an urgent need for development of sustainable management and conservation strategies for the remaining fragmented populations of S. macrophylla.
Swietenia macrophylla is a large, deciduous, tropical tree, with a broad and often emergent crown. It is able to reach a height of 40 m, a diameter at breast height of over 2 m and may live for several centuries. The species is very widely distributed, stretching from southern Mexico to the southern Amazon basin in Brazil (Mayhew & Newton, 1998) . It inhabits both wet and dry forests (rainfall typically 1000±2500 mm) and is found on a range of soils up to 1400 m altitude (Whitmore, 1983) . As with many tropical tree species, the density of mahogany trees is typically fewer than one individual per hectare, although densities of up to eight trees per hectare have also been recorded. Mahogany is monoecious, with insect-pollinated (bees, moths and thrips), unisexual¯owers. Pollination experiments indicate that it may be self-incompatible and a likely obligate outbreeder (Mayhew & Newton, 1998) . Seeds are winged, but relatively heavy and tend to fall close to the maternal tree (32±36 m median distance), although a maximum dispersal distance of over 80 m has been estimated by Gullison et al. (1996) for trees in a Bolivian population.
Genetic diversity is essential to the long-term survival of tree species. Without it there may be a risk of extinction because of lack of adaptive ability . In the light of the 1992 UNCED Rio conference (Harper & Hawksworth, 1995) , and general increased awareness of high deforestation rates in the tropics, considerable eort is being channelled into increasing our understanding of the extent and distribution of genetic diversity within tree species, for eective conservation and management strategies. Most analyses have been based on allozyme data and concentrate on temperate and boreal species, particularly conifers. In a recent review, Hamrick (1994) outlined a number of life-history traits that aect the partitioning of genetic diversity in tree species. Four general observations are apparent from his ®ndings. First, tropical tree species, on average, display lower levels of variation than temperate trees. Secondly, species with a widespread geographical distribution tend to display greater diversity than those of a more limited range. Thirdly, predominantly outcrossing taxa maintain higher levels of genetic diversity than those that are primarily autogamous. Finally, sel®ng species tend to show a high degree of population substructuring, with diversity maintained among rather than within populations. The opposite is generally observed in outcrossing taxa.
In recent years, a variety of DNA-based techniques have been employed to study genetic variation in tree species (e.g. RAPD, AFLPs, SSRs and CAPS). Advantages of these methods over isozymes include their increased saturation of the genome and therefore better representation of the variation present within species (Storfar, 1996) . RAPD is a very useful DNA-based method for initial assessment of genetic diversity in plant species, owing to its technical ease and speed and the wide availability of universal primers (Gillies et al., 1997) . Despite these practical advantages, however, its value in diversity studies has been questioned, owing to the dominant nature of the bands, which can lead to the underestimation of recessive allele frequencies (Szmidt et al., 1996) . This potential skewing can be reduced by examining a large number of RAPD loci (more than 30) and using data analysis techniques, such as that described by Lynch & Milligan (1994) , that compensate for the underestimation of the recessive allele when calculating allele frequencies.
The aim of the present investigation was to use RAPD to quantify intraspeci®c genetic variation in S. macrophylla populations across Mesoamerica. Results were also used in an attempt to identify factors that may have in¯uenced the partitioning of genetic diversity within the species across this region.
Materials and methods

Plant material
Leaf material was collected from 420 mature mahogany trees from 20 populations located in seven Mesoamerican countries and three geographical regions (Table 1 , Fig. 1 ). Selected populations were heterogeneous for habitat type, population density and degree of exploitation (Tables 1 and 2) , and populations located within the same geographical region did not necessarily share environmental attributes. Populations were located using local knowledge and previous reconnaissance. A neighbourhood size of 2.5 km radius was adopted as a working de®nition of a population and populations within similar areas were separated by a minimum of 5 km. Trees were sampled along a linear transect within each population, until a maximum sample size of 65, or the end of the forest block, was reached. Only mature trees (d.b.h. > 80 cm) were selected and the minimum distance between sampled trees was set as 100 m, to reduce the chance of sampling closely related individuals. One of the sampled populations was a planted botanic garden (Lancetilla, Honduras). Data from this site were included only in the diversity analysis to assess the merits of arti®cially planting mahogany for the conservation of diversity within the genus.
Leaf samples were silica-gel dried, then air-freighted to Scotland for analysis. Herbarium specimens were prepared for a subset of the individuals and deposited in herbaria at CATIE, the National Museum of Costa Rica and the Pan-American Agricultural School in Zamorano, Honduras. Collection numbers of herbarium specimens are available from the authors on request. Letters in brackets denote the geographical region to which each population was designated: YP, YucataÂ n Peninsula; CZ, Central Zone; P, Panama.
Experimental procedures
Total genomic DNA was extracted from the dried leaf material, using a modi®ed CTAB procedure (Gillies et al., 1997) , and puri®ed with spin bind ®lters (Hybaid), according to manufacturer's instructions. 25 lL PCR ampli®cation mixtures contained: 250 lM M of each of dATP, dTTP, dCTP and dGTP (GIBCO BRL), 1 unit Dynazyme (Flowgen Ltd), 1/10th volume 10´Dyna-zyme buer (supplied with the enzyme), 2 lM M primer (OPB-02, OPB-03, OPB-05, OPB-07, OPB-10, OPB-13, OPB-16, OPB-17, OPB-18, OPB-19: Operon Technologies Ltd), 2.5 mM M MgCl 2 (Sigma), 1±3 ng of DNA and sterile, distilled, deionized water to make up the ®nal volume. The reaction mixture was overlaid with 40 lL sterile mineral oil and tubes were placed inside the heating plate of a Perkin Elmer Cetus Thermal Cycler. Thermal cycling conditions were optimized to an initial denaturation at 94°C for 3 min, followed by 45 cycles of 30 s at 94°C (denaturation), 45 s at 36°C (annealing) and 2 min at 72°C (extension). A ®nal 4 min at 72°C ensured full extension of all ampli®ed products. Results were visualized by ultraviolet (UV) transillumination, after separation in 2% agarose gels containing 0.5 lg mL ±1 ethidium bromide. Ten per cent of each primer/accession combination was repeated to ensure reproducibility of results, which was 100% in all instances.
Data analysis
Presence/absence of each scorable RAPD fragment was recorded in a binary data matrix and POPGENE POPGENE v1.2 (Yeh, 1997) used to calculate the frequency of polymorphic bands in each population.
Genetic distances between populations were calculated, according to Nei (1972) as:
where J XY , J X and J Y are the arithmetic means of j XY , j X and j Y , respectively, and j XY Sx i y i , j X Sx i 2 and j Y Sy i 2 , where x i and y i represent the frequencies of the ith allele in populations X and Y. A radial neighbour-joining (NJ) dendrogram was then constructed from these distances, using PHYLIP PHYLIP (Felsenstein, 1993) and TREEVIEW TREEVIEW 1.3 (Page, 1996) . The number of shared fragments was also examined as a function of geographical distance, using NAC for the Apple MacIntosh TM (Number of Alleles in Common, Hamrick et al., 1993) . Only RAPD fragments that were present at frequencies of between 0.3 and 0.5 in the overall sample were included in the autocorrelation analysis, as those of very high or low frequency were unlikely to be informative.
An analysis of molecular variation (AMOVA AMOVA) was conducted to examine signi®cant dierences between the following grouped variance components: (i) within populations; (ii) between populations within geographical regions (as de®ned in Table 1 ); and (iii) between regions (WINAMOVA WINAMOVA 1.5, Excoer et al., 1992) . Shannon's diversity estimate (King & Schaal, 1989) was calculated for each population as:
where P i is the frequency of the ith RAPD band. The between-population diversity component was calculated as (H sp ) H pop )/H sp , where H sp is the total diversity detected in all populations and H pop the mean withinpopulation diversity value. The proportion evident within populations was calculated as H pop /H sp . To allow direct comparisons between all populations, 10 individuals were taken at random from each. The in¯uence of precipitation, altitude, proximity to Pleistocene refugia, logging intensity and population density on genetic diversity estimates within populations was examined by means of single regression analyses, using MINITAB MINITAB version 11.21. Logging was scored on a scale of 0.00±0.60 (i.e. the log of 1±4, because the scale is not linear), where 0.00 (1) indicated virgin forest, 0.30 (2) a lightly logged forest, 0.48 (3) a moderately logged forest and 0.60 (4) a heavily logged forest (Table 2) . Scoring was based on visual assessments made during the collecting expeditions, and is therefore likely to re¯ect recent rather than ancient logging activity. Proximity to the nearest Pleistocene rainforest refugium in Belize, Honduras and near Panama (according to Toledo, 1981) was estimated, in metres, using a map (Table 2) .
Results
One hundred and two polymorphic RAPD fragments were generated using 10 random decamer primers. The assumed homology of comigrating fragments was not tested in this present study. However, in the light of other research that has examined intraspeci®c fragment homology, and found it to be high (e.g. 79.1% in Helianthus species; Rieseberg, 1996) , it was considered that the technique would be reliable for studying intraspeci®c variation in S. macrophylla.
The number of polymorphic fragments scored per primer varied from eight (OPB-03) to 12 (OPB-18). The number of polymorphic fragments in each population also varied, with those from Guatemala possessing the greatest number (100±101), and those from Mexico possessing the least (60±90). No fragment was unique to a particular population. However, a number of bands, e.g. OPB-07.03, were found to be absent from populations in Nicaragua and Honduras, whereas others (e.g. OPB-07.1) were present only in those from Guatemala. Other fragments occurred at low frequency in a few populations from two or three countries, e.g. OPB-03.1 occurred at low frequency in populations from Guatemala (0.02±0.07), Nicaragua (0.08) and Costa Rica (0.08±0.09).
Radial NJ clustering of populations resolved them into two main groups (Fig. 2) . Cluster A was composed of all three populations from Mexico (Naranjal, Madrazo and San Felipe) forming one distinct group, with the ®ve populations collected in Belize (Las Cuevas, New Maria, Rio Bravo, San Pastor and Grano de Oro), one from Panama (Quintin) and one from Costa Rica (San Emilio) in another group. Cluster B comprised all three populations from Guatemala (La TeÂ cnica, Bethel and Tikal), three of the four from Costa Rica (CanÄ o Negro, Playuelas and Marabamba), the single population from each of Honduras (Corrales) and Nicaragua (Terciopelo) and one of the two from Panama (Punta Alegre). Unlike those in Cluster A, populations in Cluster B were not divided into subgroups according to country but mixed together throughout the cluster; indicating that a greater degree of variation is present in these populations than those from Mexico and Belize.
Estimation of variance components by AMOVA AMOVA (Table 3 ), revealed that most of the total variance was attributable to variation within populations (87.43%, P < 0.004). However, a signi®cant amount was also attributed to variation between populations within the geographical regions (i.e. YucataÂ n Peninsula, Central Zone and Panama, 12.01%, P < 0.004). The amount of variance attributable to variation between regions was not signi®cant (0.57%, P 0.38) and / ST was estimated to be 0.126. Results of the analysis examining autocorrelation between genetic and geographical distances are presented in Table 4 . Similarities between individuals were inversely proportional to the geographical distance between them, up to 900 km; with numbers of alleles in common (NAC) decreasing from 1.41 0.002 (SE) for pairwise tests of trees 0 km apart, to 1.28 0.002 for tests between trees 900 km apart. Similarity values then increased with increasing distance from 900 km to 1300 km, as NAC increased from 1.28 0.002 to 1.47 0.009, and ®nally decreased again (NAC 1.28 0.005) with increasing distance, up to a maximum of 1500 km. 0.27). The average diversity present within the species, H sp , was estimated to be 0.45. Overall, the within-population component of genetic diversity was 80%, whereas 20% was maintained between populations ( Table 6) .
The signi®cance of a number of factors that may have in¯uenced genetic diversity within populations was examined using regression analysis (Table 7) . Results indicated that most of the variance between populations (23.9%) was attributable to the eect of logging (P 0.034), with increased logging resulting in a signi®cant decrease in diversity. None of the other examined factors (i.e. proximity to Pleistocene refugia, altitude, precipitation, longitude, latitude and population density) appeared signi®cantly to aect the extent of variation within populations.
Discussion
Most tropical tree species subject to previous genetic diversity analyses have been sampled over limited portions of their natural ranges. This current study is one of the few to consider molecular variation in a tropical tree species on a regional rather than local scale and therefore aords some comparison with the data available for broadly distributed temperate species.
Population diversity values for S. macrophylla (H o 0.41)0.27) are somewhat lower than those already determined for other tree species using similar RAPD methodology. For example, Allnutt et al. (1999) obtained diversity estimates ranging between 0.42 and 0.56 for Chilean populations of Fitzroya cupressoides and Yeh et al. (1995) obtained values between 0.58 and 0.69 for Populus tremuloides. Total diversity in S. macrophylla (H sp 0.45) was also less than determined in these earlier studies (H sp 0.54 and 0.65 for F. cupressoides and P. tremuloides, respectively). This is somewhat surprising, given the extensive range of S. macrophylla, which might indicate that intraspeci®c diversity within it should be high (Hamrick & Loveless, 1989) . However, the species occurs at an average frequency of just 1.3 adult trees ha ±1 in populations included in this study (Table 2) . Hall et al. (1994) have demonstrated that tree species occurring at this density, or lower, can be less diverse than those that are more abundant. Interestingly, a recent study of diversity in Calliandra calothyrsus from Mesoamerica, using isozyme markers, also detected low levels of variation within populations (Chamberlain, 1998) . Unfortunately, the study is not directly comparable with that reported here, because it was not performed using the same markers. However, Chamberlain suggested that the low level of diversity may have been caused by human disturbance. This may also partly explain the results obtained in this current work.
Partitioning diversity into its within-and betweenpopulation components indicated that 87.9% was maintained within populations (AMOVA AMOVA). This value is similar to those obtained in other studies of outcrossing tree species using RAPD; for example, 97.4% of the variation evident in P. tremuloides was present within populations (Yeh et al., 1995) . Isozyme studies in some other tropical trees also give similar values; for example, in Pentaclethra macroloba, 78.1% of diversity was maintained within populations (Hall et al., 1994) and 85% within populations of Cordia alliodora (Chase et al., 1995) . Data for S. macrophylla agree with the general observation that woody, perennial, outbreeding species maintain most of their variation within populations . Very little is known about the mating system of S. macrophylla. However, recent work on Bolivian populations has shown the species to be highly outcrossing (M. D. Loveless, pers. comm.), which is supported by the ®ndings presented here.
A signi®cant portion of diversity was also maintained between populations within the three geographical regions in Mesoamerica (i.e. YucataÂ n Peninsula, Central Zone and Panama; 12.01%, P < 0.004, AMOVA AMOVA). This degree of dierentiation is comparable with that observed in some other studies of outcrossing tree species; for example 16.4% of the variation in Eucalyptus globulus was maintained between populations within regions in Australia (Nesbitt et al., 1995) . However, it is somewhat greater than values obtained in most other studies; for example, the average between-population dierentiation for 25 oak species was just 7% (Kremer & Petit, 1993) . This greater degree of population dierentiation in S. macrophylla implies limited gene¯ow, and could be explained by the behaviour of its insect pollinators, which may not travel great distances and remain localized within populations or regions. Furthermore, seed dispersal is also localized (Gullison et al., 1996) .
These results, and the low / ST value (0.126), do still suggest that a signi®cant amount of gene¯ow is taking place between populations within geographical regions. However, this may only be a re¯ection of historical genē ow when populations were less fragmented. Widespread deforestation of Mesoamerica means that continuous pollen and seed¯ow is unlikely to be possible at the present time. An examination of diversity and breeding system in the next generation of mahogany is essential to our understanding of the eect of disturbance on the species; for example, M. D. Loveless and coworkers (pers. comm.) have studied outcrossing rates in one mahogany population before and after logging. They found that logging signi®cantly reduced outcrossing, which has profound implications for future generations of S. macrophylla, should it continue unchecked.
Autocorrelation between genetic and geographical distance indicated that similarities of populations separated by up to 900 km were inversely proportional to the distance between them (Table 4 ). This negative correlation may re¯ect the gene¯ow taking place between individuals, because increased geographical distance usually results in increased isolation between populations and therefore reduced gene¯ow (Parker et al., 1997) . Spatial genetic homogeneity within an area can, likewise, be attributed to the occurrence of considerable gene¯ow.
Similarities between populations increased with increasing geographical distance to 1300 km and ®nally decreased again at 1500 km. This does not follow a pattern of isolation by distance and may result from similar environmental conditions, such as soil type, precipitation and the number of dry months, within these areas; for example, populations from Mexico, one of the driest areas in the study, are resolved together in a distinct subgroup of cluster A, whereas populations in cluster B are from areas that tend to receive a higher level of rainfall (Table 1, Fig. 2) . The ®nal decrease in the similarity of RAPD pro®les of populations separated by more than 1300 km may be because of still further reductions in gene¯ow. It is certain that the populations separated by this distance will have signi®cant barriers, such as mountains, between them, resulting in reduced gene¯ow and dierentiation.
With few exceptions, all populations in Cluster A of the NJ dendrogram originate either from Mexico or Belize. Cluster B consists of populations from Honduras, Costa Rica, Nicaragua, Guatemala and Panama. This dierence between populations in Clusters A and B may re¯ect colonization from separate Pleistocene refugia. Toledo (1981) has located positions for eight putative refugia in Mexico, Belize and Guatemala, based upon species diversity and regions rich in endemism. It is generally accepted that rainforest species retreated to moist refugia when climate conditions cooled and dried during the last ice age. Forest species migrated out of the refugia and recolonized surrounding areas once climatic conditions improved. Populations in Cluster A may have been derived from individuals migrating out of a northern Mexican refugium, whereas the other populations may have been colonized from refugia in Belize and Guatemala or further south. However, further work, such as a phylogeographical study using chloroplast DNA markers, should be conducted to test this hypothesis.
Quintin, from Panama, has also resolved within Cluster A. This result is unexpected, given the considerable distance between Mexico and Panama (Fig. 1) . One possible explanation may be that similarities between the populations are caused by comigration of nonhomologous RAPD bands (Rieseberg, 1996) , although this theory needs to be tested. These similarities may also be caused by paralogous evolution or the wide range of variation evident across the species range.
Extensive deforestation and planting took place in what is now southern Mexico, Guatemala, Belize and Honduras during the time of the Mayan civilization, between AD AD 1 and 1300. Research has shown (Abrams et al., 1996) , for example, that Meliaceae-type pollen was completely absent from one Mayan-occupied site, but that it subsequently recolonized once the site was abandoned. The Mayans completely destroyed large forested areas in order to establish their agriculture system. They also selectively cut down and planted key species, such as S. macrophylla, for timber and canoe building. The Mayans may therefore have played a signi®cant role in the distribution of this species. This may provide another explanation why populations in Cluster A, with the exception of Quintin, are so dierent from the rest of the samples in the study, because it is conceivable that the Mayans may have transported seed from signi®cant distances outside the area for planting purposes.
The in¯uence of logging on genetic diversity
Documenting the eect of logging on diversity is dicult and few quantitative data currently exist. Most information is anecdotal and only extreme cases, such as extinction, can unequivocally demonstrate an eect (Ledig, 1992) .
The biological eects of logging on a species range from severe structural damage, caused by the logging machinery as selected trees are cut down and removed, to total extinction. Signi®cant increases in inbreeding, caused either by sel®ng or crossing between sibs, have also been recorded (Ledig, 1992) . One consequence of inbreeding is that it may result in ®xation of deleterious recessive alleles that are otherwise meshed in the heterozygous state in an outcrossing population. Increased inbreeding may also result in a reduction of the genetic diversity within populations. Overall, populations have a tendency to become less ®t as the number and expression of deleterious genes increases as a result of inbreeding. Consequently, the population becomes less able to adapt to change and the risk of extinction is increased.
Logging appears to have had a detrimental eect on genetic diversity in mahogany, because it accounts for a signi®cant portion of the total variance in this study (23.9%; P 0.034). Populations from Belize, for example, all have a long history of exploitation (Whitman et al., 1997) , although they have been protected in national parks for the past 10 years (C. Navarro, pers. obs.). These populations exhibit lower genetic diversity than unlogged populations, e.g. La TeÂ cnica and Tikal from Guatemala. Quintin, in Panama, is also a highly diverse virgin forest fragment, surrounded by areas where the forest has been cut down. Moves should be made to protect this population before it also is destroyed. Other logged populations include Terciopelo in Nicaragua and the Mexican populations San Felipe, Naranjal and Madrazo. All of these maintain less variation than those disturbed to a lesser extent.
Interestingly, the Mexican samples in this study originate from close to the northern limit of the species range and maintain the lowest amount of within-population diversity. In addition to the eect of logging, this could result from the more extreme selection pressure, and edge eects such as drift and ®xation, that may be evident at the periphery of the species range (Hall et al., 1994) .
Conservation of mahogany
Although recommendations for conservation based upon the ®ndings of this survey should be treated with caution until several other investigations have been completed (e.g. provenance trials set up using seeds from the populations considered here), this study has identi®ed several mahogany populations that may warrant speci®c conservation and further study. Some of the most noteworthy include the genetically distinct populations from Mexico, which maintain some of the lowest levels of diversity. A second area is the threatened region in Panama, which contains one of the most diverse populations in the study (Quintin) .
Results have also shown that the diversity contained within mahogany is distributed across the whole of its range. Preservation of this diversity in its entirety will require the development of a comprehensive conservation strategy, something that is currently lacking. It is of interest to note that some of the RAPD frequencies measured varied according to country. Although this is without biological meaning per se it may be useful in the development of speci®c conservation programmes within countries.
One possible approach for ex situ conservation of S. macrophylla could be its inclusion in botanic gardens and the development of seed orchards. For example, the Lancetilla Botanic Garden in Honduras contains trees grown from seed collected along the Honduran Atlantic coast and is highly diverse (ranking sixth out of 20 in Table 5 , whereas Corrales, a natural population from Honduras, ranks ®fteenth). Despite the serious problems caused by the shoot borer in Mesoamerica (Mayhew & Newton, 1998) , this may still be an eective method of conservation as the trees would not be grown for their timber.
Results indicate that selective logging signi®cantly reduces genetic diversity within S. macrophylla. This could pose a serious threat to the future viability of the species if it continues unchecked. Eective conservation and sustainable management programmes for the species are an urgent priority.
